Sertoli cells are under the control of FSH and androgens and also respond to polypeptidic factors locally produced. Basic fibroblast growth factor (bFGF) and nerve growth factor (NGF) have been proposed to belong to the large set of intratesticular regulators. The aim of the present investigation was to analyze the effects of bFGF and NGF on lactate production, g-glutamyl transpeptidase (g-GTP) and aromatase activities. Cultured Sertoli cells dose-dependently responded to bFGF by increasing lactate production and g-GTP activity under basal conditions. In FSH-stimulated cultures, a synergistic effect of FSH with bFGF for lactate production was observed. NGF did not produce changes in lactate production or g-GTP activity at any dose tested. Both peptides decreased FSH-stimulated aromatase activity.
Introduction
The testis is a complex organ organized into two compartments: the tubular compartment and the interstitium. In the tubular compartment Sertoli cells play a pivotal role in testicular function; particularly the one associated with the production of a sufficient number of spermatozoa to attain fertility. To accomplish the latter objective, the Sertoli cell not only senses the levels of FSH and androgens but also responds to multiple locally produced polypeptidic factors by modulating its metabolic activity. In this way the Sertoli cell leads to the constitution of a specific biochemical and cytoarchitectural microenvironment in the adluminal compartment where germ cells will proliferate and differentiate (1, 2) .
Among Sertoli cell functions which might be of interest to germ cell development are the provision of adequate levels of energy substrates and protection against oxidative injury. Lactate production in Sertoli cells has been shown to be under the control of folliclestimulating hormone (FSH) (3), insulin, insulin-like growth factor-I (IGF-I) and IGF-II (4, 5) , transforming growth factor-b (TGFb) (6) and, more recently, it has been shown that tumor necrosis factor-a (TNFa) is also involved in its production (7) . Reduced glutathione is a powerful scavenger of reactive oxygen species and toxic chemicals, which is used by many tissues in the detoxification of electrophilic compounds and cellular protection against oxidative stress (8, 9) . g-Glutamyl transpeptidase (g-GTP) is a key enzyme in glutathione metabolism (10, 11) . It has been shown that Sertoli cell g-GTP activity is under the influence of FSH and germ cell derived products (12, 13) .
In the last two decades a large body of studies have analyzed local production, expression of specific receptors and biological actions of different peptidic factors in the testis (14) . Basic fibroblast growth factor (bFGF) and nerve growth factor (NGF) have been proposed as part of this complicated network of intratesticular regulators. bFGF belongs to a family of at least 12 polypeptides widely distributed in many tissues and exhibiting a variety of actions (15) . It has been shown that bFGF increases c-fos and transferrin mRNA in cultured rat Sertoli cells (16, 17) . NGF is a protein essential for the development and maintenance of sensory and sympathetic neurons of the peripheral nervous system (18) . NGF and its receptors have been found not only in the nervous system but also in other organs, including the testis (19) (20) (21) (22) . It has been shown that infusion of NGF into adult rat testis in vivo causes an increase in the level of testicular androgen binding protein (ABP) mRNA (23) . More recently NGF has been shown to be involved in Sertoli cell interleukin 6 (IL-6) secretion (24) .
The aim of the present investigation was to analyze the effects of bFGF and NGF on three Sertoli cell metabolic functions, lactate production, g-GTP and aromatase activities. 
Materials and methods

Materials
Sertoli cell isolation and culture
Sertoli cells from 20-day-old Sprague-Dawley rats were isolated as previously described (13) . Briefly, decapsulated testes were digested with 0.1% collagenase and 0.006% soybean trypsin inhibitor in Hanks' balanced salt solution (HBSS) for 5 min at room temperature. Seminiferous tubules were saved, cut and submitted to 1 mol/l glycine-2 mmol/l EDTA (pH 7.4) treatment to remove peritubular cells. The washed tubular pellet was then digested again with collagenase for 10 min at room temperature to remove germinal cells. The Sertoli cell suspension, collected by sedimentation, was resuspended in culture medium which comprised a 1:1 mixture of Ham's F-12 and Dulbecco's modified Eagle medium, supplemented with 20 mmol/l Hepes, 1.8 mg/ ml sodium bicarbonate, 100 IU/ml penicillin, 2.5 mg/ml amphotericin B, 10 mg/ml transferrin, 5 mg/ml insulin, 5 mg/ml vitamin E and 4 ng/ml hydrocortisone. Sertoli cells were cultured in 24 multiwell plates at 34 ЊC in a mixture of 5% CO 2 : 95% air.
Purity of Sertoli cells reached 95% after 5 days in culture as seen by phase contrast microscopy. No myoid cell contamination was revealed when an immunoperoxidase technique was applied to Sertoli cell cultures using a specific antiserum to alpha-smooth muscle actin. Remaining cell contaminants were of germ cell origin.
Culture conditions
Sertoli cells were allowed to attach for 48 h in the presence of insulin (5 mg/ml) and medium was replaced at this time with fresh medium without insulin; variable doses of bFGF or NGF and/or FSH (100 ng/ml) were added on day 3 as indicated in figure legends. Culture medium was changed 72 h later (day 6). The 72 h conditioned media obtained on day 6 were used to evaluate transferrin and lactate levels. Medium with the corresponding stimuli was replaced and cultures were allowed to proceed for an additional 24 h. g-GTP activity was determined on the cells harvested on day 7. In parallel cultures, cells were maintained under basal conditions until the sixth day and bFGF or NGF were added with the aromatization mixture to evaluate aromatase activity. On day 7 media were collected and saved for estradiol determinations.
g-Glutamyl transpeptidase (GTP) assay
g-GTP activity was assayed by the method of Orlowsky and Meister (25) using L-g-glutamyl p-nitroanilide as substrate and glycylglycine as the acceptor molecule. Sertoli cell monolayers were disrupted by ultrasonic irradiation in 0.5 ml reaction buffer (0.1 mol/l Tris buffer, 0.01 mol/l MgCl 2 , 0.02 mol/l glycylglycine, pH 9). Adequate aliquots for DNA determinations were saved and 5 mmol/l substrate (L-g-glutamyl p-nitroanilide) was added to the remaining material. The reaction was allowed to proceed for 120 min at 34 ЊC, and the enzymatic reaction was stopped by addition of acetic acid to 1 mol/l concentration. Samples were then centrifuged and absorbances determined in a spectrophotometer at 410 nm. Values were compared against a standard curve with increasing concentrations of p-nitroaniline.
Lactate determination
Lactate was measured by a standard method involving conversion of NAD + to NADH determined as the rate of increase of absorbance at 340 nm wavelength. A commercial kit from Sigma Chemical Co. (St Louis, MO, USA) was used.
Transferrin determination
Rat transferrin (rTrf) was measured by RIA as described by Handelsman et al. (26) . A polyclonal antibody raised against rat transferrin in rabbits was used (Cappel Laboratories, Cochranville, PA, USA). The cross-reactivity of human transferrin in this assay is less than 0.003%. Unconditioned medium containing 10 mg/ml human transferrin did not show any crossreactivity in this assay. This RIA has a sensitivity of 3 ng/tube and intra-and interassay coefficients of variation of 7% and 16% respectively.
Aromatase activity
To evaluate aromatase activity, 100 ng/ml FSH and 3 mmol/l testosterone as substrate for aromatization were added on the sixth day with the medium change. Media were collected 24 h later (day 7), centrifuged at 1100 g for 10 min and stored at ¹20 ЊC until estradiol (E 2 ) determinations were performed. The monolayers were washed with 0.9% NaCl solution and 0.5 ml of 2 mmol/l EDTA (pH 7.4) was added. Cells were disrupted by ultrasonic irradiation and adequate aliquots for DNA determinations were saved.
Other assays
DNA was determined by the method of Labarca and Paigen (27) . RIA of estradiol was performed according to the method of Escobar et al. (28) using a specific antibody which cross-reacts less than 1% with estrone and estriol. The RIA has a sensitivity of 6.25 pg/tube and intra-and interassay coefficients of variation of 8% and 15% respectively.
Statistical analysis
Statistical analysis was performed by analysis of variance followed by Tukey's protected t-test for comparison of data from multiple groups using the GB-STAT version 4.0 statistical program (Dynamic Microsystems, Inc., Silver Spring, MD, USA).
Results
Effect of bFGF and NGF on basal lactate production and g-GTP activity Figure 1A and B shows dose-response curves to bFGF and NGF for basal lactate production and g-GTP activity respectively. bFGF dose-dependently increased lactate production with doses higher than 10 ng/ml while NGF had no effect at any dose tested. Similarly, bFGF stimulated g-GTP activity while NGF had no effect on it. Table 1 summarizes the results obtained in five different experiments with 10 ng/ml bFGF and 10 ng/ml NGF.
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Effects of bFGF and NGF on Sertoli cells 541 Figure 1 Dose-response curves of lactate production ((A) and (C)) and g-GTP activity ((B) and (D)) to bFGF and NGF stimulation. Sertoli cells were cultured for 3 days in the presence of variable doses of bFGF or NGF (0.01, 0.1, 1, 10, 20 and 30 ng/ml), under basal ((A) and (B)) or FSH-stimulated conditions (100 ng/ml) ((C) and (D)). The 72 h-accumulated medium was collected and lactate concentration was determined. Cultures were allowed to proceed with the corresponding stimuli for an additional 24 h and g-GTP activity was determined on the cells harvested on day 7. Results are expressed as mean Ϯ S.E.M. of triplicate incubations in one representative experiment out of two. *P < 0:01 vs basal or FSH; ANOVA and Tukey's t-test. Figure 1C and D show, in FSH-stimulated cultures, dose-response curves to bFGF and NGF for lactacte production and g-GTP activity respectively. FSH-stimulated lactate production and the simultaneous addition of doses higher than 10 ng/ml of bFGF produced a synergistic effect. NGF did not further stimulate FSHstimulated lactate production. g-GTP activity was stimulated by FSH but neither bFGF nor NGF further increased this enzyme activity at any dose tested. Figure 2 summarizes the results obtained in five different experiments where the effect of 10 ng/ml bFGF or 10 ng/ml NGF was tested in combination with 100 ng/ml FSH. Table 2 shows that bFGF stimulated basal transferrin secretion. When bFGF was added to FSH-stimulated cultures, a synergistic effect was observed. NGF had no effect on transferrin secretion under basal or FSHstimulated conditions. Finally, to evaluate the effect of bFGF and NGF on estradiol production, Sertoli cells were maintained for 6 days under basal conditions and then stimulated with FSH in the presence of 10 ng/ml bFGF or 10 ng/ml NGF. Table 3 shows that both treatments decreased FSHstimulated estradiol production.
Effect of bFGF and NGF on FSH-stimulated lactate production and g-GTP activity
Effect of bFGF and NGF on transferrin secretion and estradiol production
Discussion
By using Sertoli cell cultures, Han et al. (17) and Le Magueresse-Battistoni et al. (29) Table 1 Effect of bFGF and NGF on basal lactate production and g-GTP activity. Sertoli cells were cultured for 3 days in the presence of 10 ng/ml bFGF or 10 ng/ml NGF. The 72 haccumulated medium was collected and lactate concentration was determined. Cultures were allowed to proceed with the corresponding stimuli for an additional 24 h and g-GTP was determined on the cells harvested on day 7 Effect of bFGF and NGF on FSH-stimulated lactate production and g-GTP activity. Cells were maintained for 3 days under basal or FSH-stimulated conditions in the presence of 10 ng/ml bFGF or 10 ng/ml NGF. The 72 h-conditioned medium was collected and lactate concentration was determined. Cultures were allowed to proceed with the corresponding stimuli for an additional 24 h and g-GTP activity was determined on the cells harvested on day 7. Results are expressed as a percentage of the basal value and are mean Ϯ S.E.M. of five separate experiments, each run in triplicate. Different letters indicate statistically significant variation among them (P < 0:01); ANOVA and Tukey's t-test. The other polypeptidic factor assayed on Sertoli cell metabolism was NGF. The cellular type involved in its production remains to some extent a matter of controversy. In situ hybridization studies have shown that NGF mRNA is localized in spermatocytes and round spermatides. Also, NGF protein was detected in these latter cell types by immunohistochemical studies (19, 21) . On the contrary, in 1996 Seidl et al. (22) showed that Leydig, peritubular and Sertoli cells are the source of this peptidic factor. As for the NGF receptor, Seidl et al. (22) showed that gene expression for trkA, the high affinity receptor for NGF, is present in Sertoli cells. In this way, metabolic actions of NGF on Sertoli cell cultures might represent paracrine or autocrine regulation of Sertoli cell function.
In the present study, we have confirmed the modulatory action that bFGF has on transferrin secretion (17) . In addition, we have observed that bFGF has a marked stimulatory effect on g-GTP activity and on lactate secretion under basal conditions. Lan et al. (32) have shown that in the initial segment of the rat epididymis bFGF is involved in the regulation of g-GTP activity. The results obtained on Sertoli cell g-GTP activity are in agreement with this recent study in epididymis. Hinton et al. (33) have proposed that epididymal g-GTP may function to protect spermatozoa from oxidative stress in the epididymal duct and/or to recover extracellular cysteine for the synthesis of epididymal proteins. A similar function for this enzyme activity in Sertoli cells might be proposed. Conclusive evidence showing that this enzyme activity is essential for normal sexual development has been obtained in g-GTP-deficient mice (34) .
Transferrin secretion, lactate production and g-GTP activity are responsible of iron delivery, energy provision and maintenance of glutathione levels for germ cell development. The stimulatory actions that bFGF exerts on these parameters of Sertoli cell function suggest that this peptide may represent one of the paracrine/ autocrine messages destined to improve nutrient and energy provision and to increase defense mechanisms in Sertoli cells so that germ cell development can proceed normally.
Combination of bFGF with FSH treatment did not produce further increments in g-GTP activity. However, for lactate production and transferrin secretion, a synergistic effect of this peptide with FSH was observed. A synergistic effect of FSH with bFGF has already been observed for plasminogen activator secretion in porcine Sertoli cell cultures (35) .
bFGF actions are mediated through specific receptors belonging to the transmembrane tyrosine kinase family. In rat Sertoli cells, gene expression of FGF-R-1 is up-regulated by FSH as well as by dbcAMP (29) . On the other hand, Jaillard et al. (35) have shown that bFGF treatment in porcine Sertoli cells increases the number of FSH receptors. The observed synergistic effects of bFGF and FSH on lactate and transferrin secretion might reflect the combined effects of these peptides on their receptors.
The effects of NGF on Sertoli cell IL-6 secretion have been mentioned in the introduction (24) . To our knowledge, no other data are available on the effects that NGF might have on Sertoli cell cultures. Our study shows that NGF has no effect on basal and FSHstimulated g-GTP activity, lactate production or transferrin secretion. The possibility that the polypeptidic factor utilized in these experiments was devoid of biological activity was ruled out by the fact that under the same experimental conditions NGF inhibited aromatase activity.
Recent observations made by Sharpe et al. (36) in rather elegant experiments have led to the conclusion that prolonged exposure of Sertoli cells to estrogens impairs or delays their functional maturation. In this context, the inhibitory effect of bFGF and NGF on estradiol production may represent signals destined to shut down aromatase activity.
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Effects of bFGF and NGF on Sertoli cells 543 Table 3 Effect of bFGF and NGF on estradiol production. Cells were cultured for 6 days in control medium. On the sixth day, cells were stimulated with FSH (100 ng/ml) and testosterone (3 mmol/l) with the addition of 10 ng/ml bFGF or 10 ng/ml NGF. Twentyfour hours later media were collected and estradiol production was determined by RIA. Results are expressed as meanϮS.E.M. of triplicate incubations in one representative experiment out of three.
Estradiol production
(pg E 2 /mg DNA) In summary, it has been shown that a very complex interaction of several growth factors together with FSH and testosterone seem to be necessary for a proper regulation of Sertoli cell function. Our results provide evidence of the participation of bFGF and NGF in the regulation of Sertoli cell aromatase activity. In addition, they provide evidence of the participation of bFGF as regulator of those Sertoli cell functions related to energy provision and maintenance of glutathione levels, functions which are probably essential for normal germ cell development.
